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Abstract: Formation of a functional neuromuscular junc- 
tion (NMJ) involves the biosynthesis and transport of nu- 
m rous musde-spedflc proteins, among them the ; acetyl- 
choline-hydrolyzing enzyme acetylcholinesterase (AChE). 
T study the mechanisms underlying this process^ we 
have expressed DNA encoding human AChE downstream 
of the cytomegalovirus promoter in oocytes and develop- 
ing embryos of Xenopus laevis. Recombinant human 
AChE (rHAChE) produced in Xenopus was biochemically 
and immunochemically indistinguishable from r«««lv 
man AChE but clearly distinguished from the endogenous 
frog enzyme. In microinjected embryos, high levels of cata- 
Ivtteally active rHAChE induced a transient state of over- 
expression that persisted for at least 4 days P°*«^za- 
tion. rHAChE appeared exclusively as nonassembled 
monomers in embryos at times when endogenous Xeno- 
pus AChE displayed complex oligomenc assembly. None- 
theless, cell-associated rHAChE accumulated in myo- 
tomes of 2- and 3-day-okJ embryos within the same sub- 
cellular compartments as native Xenopus AChE NMJs 
from 3-day-old DNA-in)ected embryos displayed fourfold 
or greater overexpression of AChE. a 30% increase in 
postsynaptic membrane length, and increased folding ot 
the postsynaptic membrane. These findings indicate that 
an evolutionary conserved property directs the intracellu- 
lar trafficking and synaptic targeting of AChE In muscle 
and support a role for AChE in vertebrate_synaptogenesis. 
Key Words: Neuromuscular junction— Xenopus laevis 
embryos— Human acetylcholinesterase— Muscle. 
j. Neurochem. 62, 1670-1681 (1994). 



Formation of a functional neuromuscular junction 
(NMJ) requires the targeted deposition of synaptic 
proteins at the nerve-muscle interface (Flucher and 
Daniels, 1989; Froehner, 1991; Ohlendieck . et al 
1991) Among these proteins is the acetylcholine-hy- 
drolyzing enzyme acetylcholinesterase (AChE). re- 
sponsible for terminating cholinergic neurotransmis- 
sion across the NMJ (Hall. 1973). It is not yet clear 



how the selective accumulation of synapse-specific 
pSeSs at the NMJ is accomplished. One mecha- 
«i=m for achieving synaptic localization of AChE is 
probably ^ cTmpa^ntalized ^gS^fSl 
franslation of AChE mRNA (Rotundo. 1990. Rosa 
SrkSundo, 1992). Aggregation and anchoring of 
^rv,F at the nostsynaptic cell surface are mediated by 
tohftion^rSSed components of the synaptic 
KStafiL ««* as heparan sulfate P^yc^ns 
(Brandan et al., 1985) and agnn ,(Mc^ W 
SimUa7mechanisms appear to be involved m the bio- 
SSSTrf the nicotinic acetylcholine rector 
(AChR) (Changeux. 1991; Phillips et al 199 >, Wal- 
ace 1991) and may represent a general solution to 
m e problem of locaLng junctional protein jm mus- 
cle cells (Pavlath et al., 1989; Ralston and Hall, 1989). 
However the molecular determinants controlling the 
2ti3lar transport of AChE and the elements s pec- 
^S^its synaptic localization in muscle remain to be 

^n^eveloping Xenopus laevis embryo muscle 
differentiation, primitive neuromuscular contacts 
and spontaneous synaptic activity are observed 
wSnn 1 day postfertilization (PF) (Kullberg et al 
^977? During the ensuing 24 h, ultrastructural spe- 
ciStiSaracterizing synaptic ^^n^ 
observed, followed by the acquisition of spontaneous 
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FIG. 1 » Xenopus oocytes express cataiyticalty active rHAChE. A: 
Inhibition by excess substrate. Mature Xenopus oocytes were 
injected with 5 ng of In vttro-transcrtbed AChE mRNA (Soreq et 
ah. 1990) and Incubated overnight at 17°C. Homogenates corre- 
sponding to one-third oocyte were assayed for AChE activity in 
the presence of various concentrations of acetylthtocholine 
(ASCh) substrate [average of three experiments ± SEM (bars)]. 
B: Sensitivity to selective inhibitors. Oocyte homogenates were 
preincubated for 30 min in assay buffer containing the AChE-spe- 
cific, reversible inhibitor 1 , 5-bis{4-ailyldimethylammoniumphenyi)- 
pentan-3-one di bromide [BW284C51 (BW)] or the butyrytcholin- 
esterase-specific inhibitor tetraisopropylpyrophosphoramlde (IO) 
at the indicated concentrations and assayed for remaining activity 
following addition of 2 mM ASCh.. Data are averages of duplicate 
assays from two independent microinjection experiments. AChE 
extracted from human erythrocytes (hEr) served as control. rH, 
rHAChE. C: Oligomeric assembly. Homogenates from ACHE 
mRNA-injected oocytes were subjected to sucrose density cerv 
tritugatton as described in Materials and Methods. Data are aver- 
ages of thr e experiments. Note that in addition to the free mono- 
mer (3.2S; G1), the oocyte appears to generate dimers (5.6S; G2) 
and to a lesser extent tetramers (10.2S: G4) of human AChE. 
Endogenous oocyte AChE activity is undetectable under these 
conditions. The arrow marks the position of bovine liver catalase 
(1 1 .4S). D: Expression of ACHE DNA In Xenopus. Oocytes were 
injected with 5 ng of synthetic ACHE mRNA or CMVACHE (Veian 
et al. , 1 991 a) and Incubated for 1 (RNA) to 3 (DNA) days. Oocytes 
injected with incubation medium (BRT) or uninjected oocytes 
serv d as control. Activity is expressed as micro moles of sub- 
strate hydrolyzed per hour per oocyte, In mean ± SEM (bare) 
values for three independent microinjection experiments. 



motor activity and hatching (Cohen, 1980), Fervent 
embryonic development and ultrastructural matura- 
tion of the neuromuscular system continue, giving 
rise to a free swimming tadpole within 4-5 days. 
From day 2 PF, a steady increase in AChE activity is 
observed (Gindi and Knowland, 1979), concomitant 
with a developmentally regulated decrease in the time 
course of the synaptic potential in Xenopus myo- 
tomes (Kullberg et al., 1 980). The rapid development 
of the neuromuscular system in Xenopus thus makes 
it an excellent in vivo model for the study of verte- 
brate myogenesis and synaptogenesis. 

We have cloned a DNA sequence encoding human 
AChE and used it to express catalytically active AChE 
in microinjected Xenopus oocytes (Soreq et al., 1 990) 



and cultured human cells (Velan et al., 1 99 la). Placed 
downstream f either the native human AChE gene 
(ACHE) promoter or the cytomegalovirus (CMV) en- 
hancer-promoter and introduced into fertilized Xen- 
opus eggs, this DNA led to overexpression of AChE in 
NMJs of 2-day-old embryos (Ben Aziz-Aloya et al., 
1993). Here, we present a biochemical and histochem- 
ical characterization of this recombinant human 
AChE (rHAChE) as expressed in Xenopus. Moreover, 
we demonstrate the persistence of overexpressed en- 
zyme in NMJs to at least day 3 of embryonic develop- 
ment and offer evidence indicating subtle alterations 
in the ultrastructure of NMJs from embryos overex- 
pressing rHAChE. Our findings indicate the assign- 
ment of catalytically active monomelic rHAChE to 
subcellular compartments common to those occu- 
pied. by native, multimeric Xenopus AChE in embry- 
onic myotomes and suggest a morphogenetic role for 
AChE in vertebrate synaptogenesis. 

MATERIALS AND METHODS 

In vitro fertilization and microinjections 

DNA microinjections into X. laevis oocytes and fertilized 
eggs were essentially as previously described (Ben Aziz- 
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. FIG. 2. Normal development of CMVACHE-injected embryos. A 
schematic representation of a microinjection experiment depict- 
ing the principal developmental stages and analytical approaches 
used in this work is shown together with photographs displaying 
the normal gross development ot unstained microinjected em- 
ery s (+) compared with control uninjected embryos (-) 3 days 
PF. in vitr f rtilized eggs of Xenopus laevis were injected with 1 
ng of CMVACHE and cultured for 1-4 days as described in Mate- 
rials and Methods. Sketches are modeled after those of Deuchar 
(1966). 
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FIG. 3. CMVACHE-injected Xenopus embryos express and 
maintain biochemically distinct heterologous human AChE for at 
least 4 days. A: Overexpression of rHAChE in developing em- 
bryos. High-salt/detergent extracts of CMVACHE-injected and 
uninjected embryos were prepared and assayed for AChE activity 
in the presence and absence of the selective inhibitor echothio- 
phate (3.3 X 10~ 7 M\ inset). Endogenous AChE activity was cal- 
culated according to an algorithm assuming 90% inhibition of 
rHAChE and 20% inhibition of frog AChE at this concentration of 
inhibitor. The bar graph represents the total AChE activity mea- 
sured per microinjected embryo at various time points following 
microinjection and the calculated activities attributable to rHAChE 
(dark shading) and endogenous frog AChE (light shading). The 
total AChE activity measured in uninjected control embryos at the 
same time points is indicated by open circles. Data represent 
average ±. SEM (bars) values from four to six embryos from the 
indicated number (N) of independent microinjection experiments. 
Inset: Selective inhibition of rHAChE by echothiophate, Homoge- 
nates representing endogenous frog (Fr) or recombinant human 
(rH) AChE were assayed for activity following a 40-mtn preincuba- 
tion with the Indicated concentrations of echothiophate^ Data are 
averages of three experiments. B: Immunochemical discrimina- 
tion between rHAChE and embryonic Xenopus AChE. Affinity- 
purified AChE from CMVACHE-injected Xenopus embryos (rH), 
control uninjected embryos (Fr). human brain (hBr), and erythro- 
cytes (hEr) was subjected to denaturing gel electrophoresis and 
protein Wot analysis as described in Materials and Methods. Each 
lane represents ~20 ng of protein, except rH, which contained 
only 6 ng. Note the complete absence of immunoreactivity with 
embryonic Xenopus AChE. although silver staining of a parallel 
gel demonstrated detectable protein at the corresponding posi- 
tion (data not shown). The faint upper bands (1 40-1 60 kOa) in the 
lanes displaying native human AChEs represent dimeric forms 
resulting from incomplete reduction of the intersubunit disulfide 
bonds (see Uao et al., 1992). Prestained molecular weight 
markers indicated on the right were from Bio-Rad, U.S. A.. 



Aloya et al M 1993). Fertilized eggs were dejellied with 2% 
cysteine and injected within the first two cleavage cycles in 
medium containing 5% Ficoll in 0.3X Mark's modified 
Ringer (MMR). Several hours after microinjection, em- 
bryos were transferred into 0.3X MMR and cultured over- 
night at 1 7- 1 9°C. One-day-old embryos were transferred to 
either O.IX MMR or aged tap water and cultured for an 
additional 1-3 days. 

Activity assays 

Embryos were harvested in groups of three to five appar- 
ently normal individuals and stored frozen until used. Ho- 
mogenates were prepared in a high-salt/detergent buffer 



[0.01 M Tris, 1.0 M NaCl, 1% Triton X-100, and 1 mM 
EGTA (pH 7.4); 150 /il per embryol and assayed f r enzy- 
matic activity as detailed elsewhere (Neville et al., 1992). 
For subcellular fractionations, groups of three embryos 
were homogenized in low-salt buffer [0.02 M Tris-HCl (pH 
7 5) 0.01 M MgQ 2 , and 0.05 M Nad; 100 /d per embryo] 
and'centrifuged at 100,000 rpm for 10 min in a Beckman 
model TL 100 tabletop ultracentrifuge. The supernatant was 
collected and considered the low-salt-soluble fraction. The 
pellet was resuspended in low-salt/detergent buffer [0.01 M 
phosphate buffer (pH 7.4) and 1 % Triton X- 100J, incubated 
on ice for 1 h, and centrifuged as above for 5 min to generate 
the detergent-soluble fraction. The remaining peUet was re- 
suspended in high-salt buffer [0.0 1 M phosphate buffer (pH 
7.4), 1.0A/NaCl,and 1 mM EGTA] to release the high-salt- 
soluble AChE fraction. 

Protein blot analyses 

rHAChE was purified by affinity chromatography irom 
— 180 "day 1" embryos injected with plasmid DN A carry- 
ing AChE cDNA downstream of the CMV promoter-en- 
hancer element (CMVACHE) using a modified procedure 
for the purification of native human AChE (Gennan and 
Brodbeck, 1985). In brief, AChE from embryos homoge- 
nized in low-salt/detergent buffer was bound to Scpharosc 
beads carrying iV-(l-amino-hexyl>3-<iimethylethylamino- 
bsnzoic amide by shaking overnight at room temperature. 
Elution was with 0.02 M edrophonium chlonde (Tensilon; 
Hoffmann-La Roche, Basel, Switzerland). Embryonic Xen- 
opus AChE was similarly purified from 1 -week-old tadpoles 
but had to be eluted by boiling in 0.1% sodium dodecyl 
sulfate. Denaturing sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and blotting were essentially as described 
elsewhere (Uao et al., 1992) using a pool of monoclonal 
antibodies (mAbs; 132-1,2,3; 6 pg/ml each) raised against 
denatured human brain AChE (Brodbeck and Liao, 1992). 

Sucrose gradient analysis of AChE subunit assembly 

Freshly prepared, high-salt/detergent extracts from one 
or two embryos or five to 10 oocytes were applied to 12-ml 
5-20% linear sucrose density gradients and centnfuged 
overnight at 4°C Fractions were collected into 96-well mi- 



TABLE 1. Subcellular fractionation of rHAChE in 







rH 






Fraction 


Day 1 


Day 2 


Day 3 


Fr (day 3) 


LSS 

DS 

HSS 


57 ±2 
37 ±2 
6±2 


60 ±4 
34 ±4 
5 ± I 


53 ±3 
36 + 3 
10 ± 1 


36 ± 5 
31 ±4 
33 ±7 



Fertilized Xenopus eggs were microinjected with 1 ng of 
CMVACHE DNA, cultured for 1-3 days, and subjected to homoge- 
nizanon and subcellular fractionation as described in Materials and 
Methods. rHAChE in each fraction (rH) was detected by cwyin^ 
antigen immunoassay (Liao et al., 1992) using a specific mAb < 10 1- 
l) raised against bovine brain AChE. Endogenous AChE activity m 

uninjected tadpoles (Fr) was determined by the standard colonmet- 
ric assay described in Materials and Methods. Percent enzyme activ- 
ity in each fraction (average ± SEM) is shown for three to nve 
grdups of three embryos from a single microinjection experiment. 
LS low-salt soluble; DS, detergent soluble; HSS, high-salt soluble. 
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FIG. 4. rHAChE in microinjected Xenopus embryos remains 
monomeric. High-salt/detergent extracts representing two em- 
bryos were subjected to sucrose density centniugation as de- 
scribed in Materials and Methods. Shown are total AChE (solid 
fine) and immunoreactive rHAChE (dotted line) from CMVACHE- 
injected embryos 1-4 days PF. rHAChE appeared exclusively as 
a peak representing monomeric AChE (~~3.2S) at all time points. 
The arrow marks the position of bovine liver catalase (11.4S). 
Insets: AChE molecular forms in control uninfected embryos 
scaled to the total activity levels observed in DNA-injected em- 
bryos (see Fig. 2). Peak analysis demonstrated that the distribu- 
tion f otig meric forms was identical to that observed in 
CMVACHE-injected embryos. Note that monomeric AChE is es- 
sentially undetectable In control embryos. G1 , G2, and G4 indi- 
cate the expected positions of the globular monomer, dimer, and 
tetramer in the gradient; A8 and 12 indicate the positions of 
"tailed" asymmetric forms. Fraction 0 represents the top of the 
gradient. 



crotiter plates and assayed for total AChE activity as previ- 
ously described (Soreq et al„ 1989). To distinguish between 
; rHAChE and endogenous Xenopus AChE in gradient frac- 
*' tions, 10CM aliquots were transferred to a Maxisoip im- 

munoplate (Nunc, Copenhagen, Denmark) coated with an 
, mAb (mAb 101-1) recognizing human but not frog AChE 
" and diluted 1:1 with double distilled water. Following over- 
- night incubation, the plates were washed three times with 



phosphate-buffered saline containing 0.05% Tween 20, and 
each well was assayed f r catalytically active AChE. 

Cytochemical AChE staining and electron microscopy 

Embryos were fixed, cytochemically stained for AChE, 
and prepared for electron microscopy as previously de- 
scribed (Ben Aziz-Aloya et ah, 1993). Cytochemical stain- 
ing (Karnovsky, 1964) was carried out in acetate buffer (pH 
6.1) for 15-20 roin at 4°C within 3 days of fixation. 

RESULTS 

Xenopus-expressed AChE is biochemically 
indistinguishable from native human AChE 

Microinjected into mature X. laevis oocytes, 5 ng of 
in vitro- transcribed AChE mRNA directed the pro- 
duction of catalytically active AChE displaying sub- 
strate and inhibitor interactions characteristic of the 
native human enzyme (Fig. 1 A and B). The apparent 
K m calculated for rHAChE toward acetylthiocholine 
was 03 mM, essentially identical to that displayed by 
rHAChE expressed in cell lines (Velan et al., 1991a) 
and native human erythrocyte AChE (data not 
shown). In sucrose density centrifugation rHAChE 
sedimented primarily as monomers and dimers, al- 
though a discernible peak apparently representing 
globular tetrameric AChE was also observed (Fig. 
1C). When CMVACHE (Velan et al., 1991a) was mi- 
croinjected into oocytes, active AChE in yields 10- 
20-fold higher than that observed following RNA in- 
jections was obtained (Fig. ID), demonstrating effi- 
cient transcription from this promoter in Xenopus. 

Transient expression of CMVACHE in Xenopus 
embryos 

Microinjected into cleaving Xenopus embryos, 
CMVACHE directed the biosynthesis of rHAChE at 
levels similar to those observed in DNA-injected oo- 
cytes. Yet, the gross morphology and development of 
CMVACHE-injected embryos appeared completely 
normal (Fig. 2). Moreover, gross motor function of 
microinjected embryos, as evaluated by twitching and 
hatching on day 2, reflexive swimming on day 3, and 
free swimming on later days, was unimpaired com- 
pared with normal, uninjected controls. Microin- 
jected tadpoles survived up to 4 weeks, showing no 
overt developmental handicaps (data not shown). Fol- 
lowing overnight incubation, at which time embryos 
had reached the late gastrula stage, endogenous AChE 
levels were negligible, and rHAChE activity repre- 
sented a 50-100-fold excess over normal (Fig. 3A). 
From day 2 PF, detectable endogenous AChE activi- 
ties increased steadily. Using the irreversible AChE 
inhibitor echothiophate (Neville et al., 1 992) to distin- 
guish between endogenous frog AChE and rHAChE 

(Fig. 3 A, inset), we observed the persistence of reced- 
ing levels of rHAChE for at least 4 days PF. For the 
first 3 days rHAChE accounted for > 50% of the total 
measured AChE activity in microinjected embryos 
and resulted in a state of general overexpression com- 
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FIG. 5. Disposition of rHAChE In myotomes Torn ^J^™^ SSS 
with 1 ng of CMVACHE, incubated for 2 days at 17'C. fixed. ^^S^at^ Arrows mark accumu.at.ons of 

Methods. Uninjected embryos from the same fertil.zat.on sen/ed as coyote '°"° win 9 activity 

reaction product indicating sites of catalytically . a*M > AChE-A: ^ n ^f ^^^^^Z ome in transverse section. D: 
staining for AChE. B: Myotome section from CMVACHE-lnjerted embryo. C. Unini»sted erntiryos wrSits 
Transverse section from CMVACHE-injected embryo. Note the Increased (Srt ^ band: , y band: Z , Z 

uninjected controls within the same subcellular compartments, especially wrthn the sarcoplasmic reticulum w 
disc; Tr. triad; T, T tubules; G. glycogen particles. Bar = 0.5 am. 
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oared with uninjected controls. By day 6 PF, no heter- 
ologous enzyme could be detected in bomogenates 
(data not shown). At all time points examined, the 
level of frog AChE in CMVACHE-injected tadpoles 
appeared less than that observed in uninjected em- 
bryos. , 
In immunoblot analysis following denaturing gel 
electrophoresis, rHAChE was observed to comigrate 
with native human brain AChE, yielding a clearly visi- 
ble doublet band at -68 kDa (Fig. 3B). rHAChE was 
selectively recognized by a pool of mAbs raised 
against denatured human brain AChE, and no cross- 
immunoreactivity with embryonic Xenopus AChE 
was observed (Fig. 3B). The doublet band observed 
may reflect differences in glycosylation (Kronman et 
al., 1 992). Sequential extractions with low-salt, deter- 
gent, and high-salt buffers revealed that ~35% of 
rHAChE synthesized in transiently transgenic em- 
bryos was associated with membranes, requiring de- 
tergent for solubilization (Table 1). Whereas up to 
33% of the endogenous enzyme in day 3 uninjected 
tadpoles appeared in the high-salt-extractable frac- 
tion, salt-soluble rHAChE remained primarily in the 
low-salt fraction at all days examined (Table 1). En- 
zyme-antigen immunoassay with a species-specific 
mAb (mAb 101-1) was used to differentiate between 
human and frog enzyme in the fractions. 

rHAChE remains monomelic in Xenopus embryos 

To examine the possibility that heterologous hu- 
man AChE could undergo homomeric oligomeric as- 
sembly or interact with either catalytic or noncatalytic 
subunits of Xenopus AChE to produce hybrid oligo- 
mers, sucrose density centrifugation and enzyme-an- 
tigen immunoassay were performed. At all time 
points examined, we observed rHAChE exclusively as 
nonassembled monomers sedimenting at ~3.2S, de- 
spite the concomitant accumulation of various multi- 
meric forms of the endogenous frog enzyme (Fig. 4). 
When oligomeric AChE purified from CMVACHE- 
transfected cell cultures (Velan et al., 19916) or from 
human brain (Liao et al., 1992) was preincubated 
with extracts of day 3 uninjected embryos and simi- 
larly analyzed, monomers, dimers, and tetramers 
were detected, and the distribution of oligomeric 
forms observed was identical to that in control sam- 
ples (data not shown). Thus, mAb 101-1 detects all 
the globular configurations of rHAChE, and proteo- 
lytic activity does not appear to degrade stable oligo- 
meric AChE in embryo extracts. Endogenous Xeno- 
pus AChE appeared primarily as a dimer on day 2 PF 
with globular tetrameric and asymmetric tailed forms 
appearing and increasing in content from day 3 on- 
ward (Fig. 4, insets). Superposition of the gradients 

from control and CMVACHE-injected embryos dem- 
onstrated that the normal developmental progression 
of Xenopus AChE oligomeric assembly was conserved 
in CMVACHE-injected embryos despite the high ex- 



cess of rHAChE monomers (Fig. 4 and data not 
shown). 

Subcellular dispositi n f rHAChE in myotomes f 
CMVACHE-injected embryos rrin .. rH , 
Whole-mount cytochemical staining ofCMVA^rtt- 
injected embryos indicated accumulation of ACnt .in 
myotomes 2 days PF (data not shown). We therefore 
undertook an ultrastructural analysis, at the electron 
microscope level, of myotomes from 2- and 3-day-oia 
embryos microinjected with CMVACHE as com- 
pared with normal uninjected controls. Longitudinal 
and transverse sections from rostral trunk somitesre- 
vealed clearly discernible myofibers 2 days PF in botn 
injected and uninjected embryos (Fig. 5). By day * 
PF both groups displayed significant increases m 
their numbers of myofibrillar elements and in matura- 
tion of the sarcoplasmic reticulum (Fig. 6). To gam- 
ine the subcellular localization of nascent AChE in 
transgenic and control embryos, we u^d cyt ochemi- 
S activity staining (Karnovsky, 1964). In both the 
experimental and control groups, crystalline deposits 
of electron-dense reaction product were observed pri- 
marily in association with myofibrils, among tne 
myofilaments, and within the sarcoplasmic reticulum 
(Figs 5 and 6). Various organelles, including the nu- 
clear' membrane, free and bound polyribosomes 
Golgi, and sometimes mitochondria, were also 
stained (Figs. 5 and 6 and data not shown). 

At day 2 PF, staining in CMVACHE-injected em- 
bryos was conspicuously more pronounced than tnat 
Observed in uninjected controls, in both the Quantity 
and intensity of reaction product (Fig. 5). However, 
variability was observed between tissue blocks proba- 
bly reflecting mosaic expression of the injected din a 
and/or variability in the efficiency of expression be- 
tween embryos (S.S. and H.S., unpublished date). In 
longitudinal sections from CMVACHE-injected cm- 
bryos, staining appeared to be concentrated at the 1 
band of myofibers, particularly around the triad 
marking the intersection of the sarcoplasmic reticu- 
lum and T-tubule systems. In contrast, the sparse 
staining observed in control sections appeared ran- 
domly distributed. By day 3 PF. the general staimng 
intensity in both groups had significantly greased 
whereas observable differences between the groups 
were less dramatic. Cross sections 
prominent staining within the sarcoplasmic reticu- 
lum (Fig. 6A and B). Strong staining was now ob- 
served af both the A and I bands and, for the first time 
S the T-tubules (Fig. 6C and D). Overall, day 2 
CMVACHE-injected myotomes resembled day i un- 
injected control myotomes in staining incidence ana 
intensity (Figs. 5A and C and 6B and D). 

Ultrastructural consequences of omexpressed 

AChE in Xenopus NMJs mf«w 
We have previously demonstrated up to lO-toia 
overexpression of catalytically active AChE » N *JJ S 
of CMVACHE-injected embryos 2 days Pr- (Ben 
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FIG. 6. Overexpression of AChE in myotomes of CMVACHE-injected embryos persists to day 3. Analyses were as in Fig. 5 except that 
embryos were anatyzed after incubation for 3 days. Note the developmental increases in myotoma) AChE in both control uninjecteo <a ana i 
C) and CMVACHE-injected sections (B and D), especially within the sarcoplasmic reticulum (Sr) and T-tubutes (T). Bar = Q.$ ^m. ■ 



Aziz-Aloya et al. f 1993). To examine the persistence 
of this state and its implications for synaptic ultra- 
structure, we studied both cytocheroically stained and 
closely appositioned unstained NMJs from 3-day-old 
injected and control embryos (Fig. 7 and Table 2). In 



the injected group, 72% of the postsynaptic mem- 
brane length (Table 2) was stained, on average, for 
active AChE. In contrast, only 22% of the p stsynap- H 
tic length was stained in controls. Moreover, the total || 
area covered by reaction product was approximately 
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F.G. 7. Structure, features in NMJs of 3-day-o.d CMVACHEnnjected Xenopus embryos 0V ^^J^ ^^^ensis 
cultured for 3 days, fixed, stained for AChE catalytic activity, and examined ^y^T^^f^^^^^^^ and E) 

ana Methods. Two cytochemically stained synapses are presented from uniniected control (A and ^CMVACHE inje ^^°J_ 

embryos. Note the particularly hig'h-density staining in areas directJy oppos ite, «ra Umml *»™ 

ter vesicles (v). C and F: R presentative unstained NMJs from a control and a CMVACHE-.n|erted emb 7°\. ™*^ t ^ J^otds 
shown in B presents the highest degree of staining observed in a control section, mf. myofibril. Arrows ,nd,cate postsynaptic folds. 
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TABLE 2. Overexpression ofAChE in NMJs ofS-dayold CMVACHE-injected Xenopus 

embryos 



Experiment 
Uninfected 



PSL 0*m) 



SL (/nn) 



SUPSLrati 



SA (Mtn 2 ) 



Average ± SD 
+ CMVACHE 



Average ± SD 
P 



2.57 
3.95 
1.54 
2.35 
1.17 
1.60 
1.02 
0.88 
1.88 + 0.93 

1.76 
2.50 
2.64 
2.50 
3.50 
1.85 
3.10 
3.23 
Z64 ± 0.58 

<0.0l 



0.79 
0.79 
0.80 
0.73 
0.44 
0.29 
0.29 
0.58 
0.58 ± 0.22 

1.17 
2.05 
1.91 
2.40 
2.03 

1.66 

1.85 

1.76 
1.85 ±0.33 

<0.002 



0.004 
0.200 
0,060 
0.310 
0.085 
0.180 
0.280 
0.650 
0.22 ±0-19 

0.660 
0.820 
0.720 
0.960 
0.580 
0.900 
0.600 
0.540 
0.72 ±0.1 5 

<0.002 



0.156 
0.126 
0.080 
0.082 
0.063 
0.056 
0.040 
0.075 
0.084 ± 0.038 

0.284 

0.331 

0.285 

0.476 

0.396 
. 0.333 

0.535 

0.289 
0.37 ± 0.09 

<0.002 



Eignt representative synapses ^WAfflB^^ 
for^Dstsynaptic membrane length (PSL). the sum tota 

fraction of nerve-muscle contact distance displaying reacUon pr^u^ (SL^L^ana ^ using a 

(SA). Average ± SD values are given. Measurements were performed on electron micr grap 
hand-held mapping device. 



fourfold greater in NMJs from CMVACHE-injected 
embryos than those from controls (Table 2). In addi- 
tion, the staining observed in NMJs from injected em- 
bryos was considerably more intense than that dis- 
played by control NMJs, forming large black accumu- 
lations of reaction product as opposed to the lighter, 
more diffuse staining observed in controls (Fig. 7 A, B, 
D, and E). . . 

Ultrastructural features of NMJs from injected and 
uninjected embryos were best discerned in unstained 
synapses. NMJs from control embryos generally ap- 
peared smooth and relatively undeveloped, with up to 
two secondary folds of the postsynaptic membrane 
and a single nerve-muscle contact (Fig. 7C). In con- 
trast, NMJs from CMVACHE-injected embryos dis- 
played an average of three secondary folds and one 
to three discrete contacts between pre- and postsynap- 
tic membranes (Fig. 7F). Furthermore, the average 
postsynaptic membrane length in NMJs from 
CMVACHE-injected embryos was 30% larger and 
considerably less variable than that measured in con- 
trol embryos (SL; Table 2). Yet, the distance across 
the synaptic cleft was both larger and more variable in 
injected embryos than in controls (129 ± 72 vs. 94 ± 
23 nm; h = 14). NMJs overexpressing rHAChE thus 
appeared more developed in their structural buildup 

than controls. 

DISCUSSION 
Numerous important nervous system proteins have 
been expressed in DNA- and RN A-injected oocytes of 



X laevis (reviewed by Soreq and Seidman, 1 992). To 
study the role and regulation of specific V™^™** 
iTembryonic development (Vize et al. 1991) ^and 
myogenesis (Hopwood et al., 1991), microinjected 
Xenopus embryos have been used Here ^ we used mi- 
croinjected oocytes to demonstrate the efficacy of the 
CMV promoter in Xenopus, observing five- to 1 0-fold 
higher levels of heterologous enzyme than that in- 
duced by microinjection of in vitro-transcnbed 
mRNA Although no direct interactions between 
rHAChE and endogenous Xenopus AChE catalytic or 
structural subunits were observed, calculations of 
Xenopus AChE levels in microinjected embryos mdi- 
Sd that some feedback regulation may be operative 
in repressing endogenous AChE biosynthesis under 
conditions of overexpression. Feedback regulation of 
AChE has been previously demonstrated in chicken 
retinospheroids(Willbold and Layer, 1992). 

Ectopic gene expression/overexpression often re- 
sults in gross morphogenic »^ tio ™ <? 0 ^^^ 
Melton, 1988; McMahon and Moon, M'j^J 
al 1991) Yet, we found that Xenopus embryos can 
tolerate large excesses of catalytically active heterolo- 
rous AChE without suffering gross morphological or 
developmental abnormalities. This observation is es- 
pecially interesting in light of evidence implicating 
AChE in the early embryonic development ot non- 
cholinergic tissues (Drews, 1975) and with develop- 
mental processes such as gastrulation and ceU migra- 
tion* (Drews, 1975; FiUpatrick-McEUigot and Stent, 
1981) nerve outgrowth and differentiaUon (Layer, 
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1991), and proliferation and differentiation of hema- 
topoietic cells (Lapidot-Lifson et al. F 1989, 1992; Pa- 
tinkin et al., 1 990). As neither the overall rate of devel- 
opment nor general morphology of CMVACHE-in- 
jected embryos was altered by 50- 1 00-fold excesses of 
the active enzyme at the gastrula stage, our findings 
do not support a role for rHAChE in modulating cell 
growth, proliferation, or movement in very early Xen- 
opus embryogenesis. However, because these biologi- 
cal activities may be unassociated with acetylcholine 
hydrolysis, they may demonstrate species specificity 
and remain undetected in our system. 

Despite their lack of MyoD elements, some con- 
structs carrying the pan-active CMV promoter 
(Schmidt et al., 1990) were shown to be expressed in 
myotomes of transgenic mouse embryos (Kothary et 
aL, 1 99 1 ). Therefore, the characteristic subcellular seg- 
regation of overexpressed rHAChE in muscle may re- 
[• fleet either tissue-specific biosynthesis or posttransla- 
r - tional processing of nascent enzyme present in myo- 
tomal progenitor cells at the onset of myogenesis. The 
high levels of rHAChE present in gastrula-stage em- 
bryos may argue for the latter possibility. In that case, 
the cytochemical data indicate the existence of an in- 
trinsic, evolutionary conserved property directing 
the subcellular trafficking of AChE in muscle and 
thus explain the accumulation of rHAChE in NMJs 
of ACHE DNA-injected embryos. Furthermore, these 
results may imply that cotranslational processes are 
not required for the correct compartmentalization of 
AChE in muscle cells. In a similar vein, purified re- 
combinant synapsin was shown to be incorporated 
into synaptic nerve terminals of cultured myotomes 
following microinjection into fertilized Xenopus eggs 
(LuetaL, 1992). 

The general state of myotomal overexpression in- 
duced by microinjection of CMVACHE persisted at 
least 3 days. The area covered by reaction product in 
cytochemically stained NMJs from day 3, CMVACHE- 
injected embryos was four- to fivefold over that ob- 
served in controls! This figure represents a twofold 
lower excess than that measured in day 2 NMJs (Ben 
Aziz-Aloya et al., 1993) yet is slightly greater than the 
ratio of rHAChE to frog AChE as determined in ho- 
mogenates at day 3 (Fig. 3 A). This apparent reduction 
in the level of synaptic overexpression from day 2 to 
day 3 PF may reflect the overall decline in total 
rHAChE activity observed during this period. How- 
ever, because this calculation does not consider the 
higher-density staining observed in NMJs from 
CMVACHE-injected embryos, it represents an un- 
derestimate of the actual synaptic AChE content 
Therefore, our data indicate enhanced stability of 
rHAChE at the NMJ compared with the total pool, a 
conclusion consistent with the observation that extra- 
Cellular matrix-associated AChE persists in situ long 
after denervation of adult frog skeletal muscle (Ang- 
Uster and McMahan, 1985). 

Mammalian cells cotransfected with cDNAs en- 
coding catalytic and noncatalytic AChE subunits 



(Krejci et al., 1991) produce multimeric globular and 
asymmetric AChEs, indicating that spatial coexis- 
tence may normally be the only requirement for mul- 
timeric assembly. Human cell lines transfected with 
various CMVACHE constructs similarly express and 
secrete homooligomers (Velan et al., 1991a; Kron- 
man-et al., 1992). rHAChE displayed oligomeric as- 
sembly in microinjected Xenopus oocytes but not in 
developing embryos, where only monomelic rHAChE 
was detected. Nonetheless, rHAChE was found to ac- 
cumulate in its natural subcellular compartments and 
was correctly transported to the NMJ of transiently 
transfected tadpoles. These findings are puzzling in 
light of the demonstration that secretion appears 
linked to oligomerization in transfected human 293 
cells (Velan et al., 1 99 1 b\ Kerem et al., 1 993). Further- 
more, the lack of demonstrable oligomeric assembly 
leaves the mode of association of rHAChE with the 
extracellular surface unexplained. It is noteworthy, 
however, that DNA constructs encoding the parallel 
AChE form from Torpedo (Duval et al., 1 992) and the 
rat (Legay et al., 1993) also gave rise to globular am- 
phiphilic AChE forms in transfected mammalian 
cells, including type II amphiphilic monomers. 

In humans, ultrastructural and physiological alter- 
ations of the NMJ have been associated with congeni- 
tal AChE and AChR deficiencies (Wokke et al., 1989; 
Jennekens et al., 1992) and may be associated with 
changes in the balance between these two molecules 
at the synapse. In one of these syndromes, patients 
presented, in addition to AChE/AChR deficits, NMJs 
displaying decreased miniature end-plate potentials, 
reduced postsynaptic membrane lengths, and severely 
impaired postsynaptic secondary folding (Smit et al., 
1988)— opposite features to those observed in our 
NMJs overexpressing AChE. It is yet unclear whether 
the reduced expression of synaptic AChE and/or 
AChR represents a cause or an outcome of the ultra- 
structural aberrations observed in these patients. Our 
current observations suggest that disturbed regulation 
of AChE may, indeed, carry ultrastructural conse- 
quences for synaptic development Tt will thus be inter- 
esting to assess the impact of AChE overexpression on 
the expression and organization of AChR and other 
key synaptic proteins in these transiently transgenic 
tadpoles. 
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